EE101 - Engineering Electromagnetics ('/} () /l/ i.al

UCLA Department of Electrical Engineering
EE101 - Engineering Electromagnetics
Winter 2013
Final Exam, March 18 2013, (3 hours)

Name Student number

This is a closed book exam — you are allowed 2 page of notes (each page front+back).

Check to make sure your test booklet has all of its pages — both when you receive it and when you
turn it in.

Remember — there are several questions, with varying levels of difficulty, be careful not to spend too
much time on any one question to the exclusion of all others.

Exam grading: When grading, we focusing on evaluating your level of understanding, based on what
you have written out for each problem. For that reason, you should make your work clear, and
provide any necessary explanation. In many cases, a correct numerical answer with no explanation
will not receive full credit, and a clearly explained solution with an incorrect numerical answer will
receive close to full credit.

If an answer to a question depends on a result from a previous section that you are unsure of, be sure
to write out as much of the solution as you can using symbols before plugging in any numbers, that
way at you will still receive the maj ority of credit for the problem, even if your previous answer was
numerically incorrect.

Please be neat — we cannot grade what we cannot decipher.

Topic Max Points Your points
Problem 1 | Smith Chart 15
Problem 2 | Impedance Matching 30
Problem 3 | Plane wave 30
Problem 4 | Phasors 25
Total 100
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1. Smith chart basics (15 points)
Consider the generic transmission line problem as shown below. Assume that the transmission line is a
coaxial transmission line filled with a material that has €=4&, u=uo.

v \ Z,=100 Q V| 4

- O_x

< 7 >

(a) (5 points) For each of the following loads, mark their position on the Smith chart below (using
the letter as a label), and write below the reflection coefficient (magnitude and phase angle).

A: Z;=150 Q. = (9 2
S lé

B: Z;, = 200480 Q. T4 0 Yy 0
.= Z-)'O,gj L/ L ZL/

(b) (5 points) For each of the following loads impedances, convert to unnormalized load admittance
Yy and give the value in units ! Mark the position on the Smith chart below (using the letter as

a label). \fg ~0.0 (

-
A: Zi=150 Q. A Y= (9.0065
SI/: O/é-s .)2

B: Z; = 200+j80 Q. B’ Y=

f=043-0uy; 0.0042 - | 0007 2"
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(c) (5 points) What is the non-normalized input impedance of the transmission line Zi;(-I) for each of
the loads if /=] h() 1 and f=30 MHz? Label each point on the Smith Chart using A”’, B”’.
zl0m

A: Zi= 150 Q. A”  Zan= (
'L : 020
'20’4057 "d 0 Z

B:Z;,=200+80Q. B’ Zyp=

2= 0.62-) 046 S~ 95

Jeu 5, ™ s
>\: {5}(/ng/] @
T 5 SR “5m
kN
Je -‘?/\’ O‘Z.L >
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Smith chart for problem 1

RADIALLY SCALED PARAMETERS
TOWARD LOAD ~—>

5 4 3 28 2 18 16 14 12111 15 10 7 5 4 3
DR AT O O B U S T . T LT e Ry O B B TS Lofeh
10 8 6 5 4 3 2 1 1)1 11 12 1314 16 18 2
4 5 6 7 8B 910 12 14 20 =0 01 02 04 06 08 1 15 2
R SIS e e e e e S i e e MU S e s f
.04 03 02 01 005 on 0/0 11 12 13 14 15 16 1718192
06 05 04 03 02 0.1 01 099 095 09 08 07 o,
P TSP L R, AL . L R L BRE AT (BT
CENTER
00 0.1 02 03 04 05 06 07 08 09 1 11 12 1. 14 15 16
90, . B 00 O R A WD L o BT " s

il Tl 0 S W w8
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2. Transmission line - Impedance Matching (30 points)

This problem involves a transmission line which is lossless coaxial cable filled with a dielectric material
&=9&), u=po. The frequency of operation is /=200 MHz.

For these problems, you may use any methods you wish, including the Smith chart (not required).

ity R;=100 !l <_‘1__2
v,(t) Va 21000 \\ 50 Q é L=24 nH
% 100 m | o
=100
/
(a) (10 points) At the frequency given above what is the load impedance in units

(give a number) ?

D =200t 2108 o W= 26 0% Znd= WL =200

R E S e L A

ACIELS B

(b) (10 points) Use a shorted stub to match the load to the feedline and prevent any reflections back
down the feedline. What values of 4 and I should be chosen to achieve matching to the line?
Give these length values in term of the wavelength A.

Wﬂ w5

6 960> D= 04z7 X

€

A=090)  L=0.064)
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(c) (10 points) If the generator {roltage is given by v,(t)=vy cos wt, Where vo=1 V, what is the time
averaged power dissipated in the load? Give a number in units W.

% LPﬂg V:‘ﬁ L Wl L l}

['L 24\/): /(QDJL l;/) He ﬂ‘mw 7773
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3. Plane waves and interfaces (30 points)
Consider that we are building a solar cell out of silicon (£=13 &), where the absorbing layer is
100 um thick. Let’s approximate this by a model where a plane wave with a free-space wavelength
of A=1 pm is normally incident on the surface of the silicon (which we take to be semi-infinite, with
permittivity e=ep, p=po). Our goal is to have the maximum fraction of incident light be transmitted,
and then be absorbed within the first 100 pm (whereupon it is presumably converted into electrical
power). Assume that due to the design of the solar cell junction, any light that passes beyond 100pm
from the surface is not collected and thus is wasted.

€0 Mo €=13e,,1, ,0
“air” silicon
Incident light

>

100 um
“absaorption region”

We have the choice of 3 possible values of conductivity o for the silicon.
Case A: =10’ S/m, Case B: 6=10° S/m, Case C: 6=10" S/m

(a) (6 points) For each case, state whether the silicon can be considered a good conductor, or a poor
conductor (aka lossy dielectric).

£i”,3£,° 9“7_3: A-‘I;ﬂm,‘p"?)oo.ﬂl;, W', i‘?(/ofss—"
2': [ 2% '°F/,,,
Case A:

¢'= Gri0”" é 2495 71 %0 tie " gouh onduh,

Case B:

U] = -
£ =bxfp e f/—, x20.007 L2 | > lossy dieleor

Case C:

i b l :
£ =Guwp'? ¢ W lossy Ciclebric
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(b) (9 points) For each case, calculate the reflection coefficient I', and the power reflectivity R

Goak condechor case

. Fﬂ)"if,‘z” () uow C ah @)

D/ﬂ{eclﬂc. Ca<e
7 "“S’%- = %ZJ = 10515

7% 094 +0.05f = 0.94 £L177°
“RA Y , AL
~ —0.94

=09.%9

Case A: r

-0.56
. ™= 0.32

Case B: T

Case C: = =— 6, 6(9
R= 0.5L
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(c) (10 points) Which case for the conductivity should we choose to maximize the fraction of
incident power that is absorbed by the silicon within the first 100 um? Why (explanation
required for credit) ?

—

|Case B

Coco A s Ho rel)/caﬂﬁe, Ae bolte but M de Shes,
> a good ondehr, €% of fhe e light will
be redlechl jwhith & pt efdepent,

Cose B will have  68% of e Jght dancitld hah e
it fuce . We can caawbk W atnabo

lenghn 5 | 7"dfj(;‘vl‘wLéﬂo’\Fw%(e'eae")

Cice € S78M P o' (5 £
ince 2‘10/_ I g (&
W ’NVlewia(l_izgl
A=Wt o _ T o Y 5 @E+J wldy
Z gw Vg 2 Tow & &

%= 190" m= 1um

% Linee e abﬁyrb/nj /ayep 2 /00 um vlh,z,k/ W

Canconhdetly <o) hat 999 tp will
ke abﬂ)f bét,l \\IG-HM-') Jha+ }al/er Pow
Case C

U = K= 526, é’o,lqm . D7 J%um

CD\"I l? d §ﬂ’ld// pCuc‘Wn o{[ Vkﬂ. Powerw;” b&abﬁfb&*
wilh i He aosobin }a:/m

—

)%3 Cageld 2 e begd choye
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(d) (5 points) The performance of this solar cell can be easily improved if we add an anti-reflective
thin layer to the surface of the silicon. How thick should this layer be (in meters), and what value
of permittivity (or refractive index) should it have?

use «  Quarkr lMMQ loger.

Chooee L\J’_= 'ql

W Fhan Wmlcral ‘—'— o-

el il i V) g —i%‘: 0.526 um

So we chare %zbkn%:

\ G
’Z/" T O'IBZWM’ l%lnm
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4. Phasors (25 points)
(a) (5 points) Write the following phasor quantity explicitly in the time domain (i.e. do not include
the expression “Re{}” in your answer). Assume Ej is a real number.

Blo)=tBe™  Ee0=RE e lyh-l2)

(b) (5 points) For the following time dependent signal, find the corresponding phasor expression.
(Hy is real)

ﬁ(z’t) = §'H0sin(ax—kz) fl(z) = - ?jHO é’.) hﬁ

Cos( i~z 2)

(c) (5 points) Consider a circularly polarized wave in vacuum with E-field given by
E(z,t) =(%+ j¥) E,cos(ax — kz)
If Eg=1 V/m, f=1 GHz, and the wave is in vacuum, what is the time averaged power flow per
unit area for this wave? (Give a number in units W/mz) :

.—l"{)e {gx}{?*§ T ELPE {(Q-&Jﬁ)&oé‘]éix[( 'g“j-)jf\) _;l'ng'o e]ﬁZJ*j
’ [’
/ 2,
=g /& ';?1*’85 21z

:g/",_z_/_/é—a/-):_é\ /
324

1

257 ""\%,1,
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(d) (5 points) Consider a linearly polarized plane wave in good conductor where €= -jo/o . The

electric field is given by the expression E(z,7) = XE cos(ax — Bz)e % . Write the expression for .

the time dependent magnetic field H(z,?) in terms of Eo, w, B, 8,

it - Mo ”
:?'ZéOWS(%i—-ﬁg)e%‘ 7 173 %%\(ﬁj)@

-

\I

A’ﬂj&-, N v ¥4
e B Rl =

A i—ﬂ. B0 4 g
=Y e Es bostikfR)€ %
‘ ;’7‘ . ; __,_," /—3'
VorepiaE - i

:ﬁVJJWMw.
2

(e) (5 points) If Ey=1 V/m, f=1 GHz, ¢ -1S/m, U=Ho, what is the time averaged power flow per unit
area for this wave? (Give a number, in units W/m? ).

Ay 220

R Ry Ak

+( e
e F(ELQ'/ e O/ 'E/)/eo

A ! 1 i (
’g A== 1 - X —
5 Vo2 10! xaqct Nz

vl
2z

0N

\

1

Page 14 of 23



EE101 - Engineering Electromagnetics Final

VD=p,
VxE:—a—B D=gE+P
) . ot . g
Maxwell’s Equations: Auxillary Fields: B
D
VxH=]J, +—
A
P=¢y E D=¢cE D=¢cE
In linear media: ok Ohm’s Law: J=0E
M=y H B=uH B=uH
Electrostatic Potential: E=-VV Vector potential: B=VxA
oA
Electrodynamic Potential: E=-VV- _B—t_
b
Gradient Theorem: j (Vf )edl = f(b) - f ()
Divergence Theorem: IV (VeA)dV = (j)s AedS
Stokes’s Theorem: IS (VxA)edS = 4)6 A-dl
Electric energy density: W, = —;—EoD or W= %&‘E 2 (in linear media)
Magnetic energy density: W, = —;—B-H or W, = —;— 4H?  (in linear media)
Power dissipation density (Joule/Ohmic) = E<J or oE* (in Ohm’s law media)
Poynting Theorem: V+(ExH) = —%(é E* + % UH 2) —-EJ
Poynting Vector: S=ExH
Time averaged Poynting vector: S, = %Re{ﬁ X ﬁ'}
Capacitance: C= %
Inductance: L= A =N i
1 1

Vector identities
VxVxA=V(V.:A)-V?A
Vo(VxA)=0

Vx(Vf)=0

VeVf =V*f
Vo(AXxB)=B+(VxA)—-A+(VxB)
A+(BxC)=B+(CxA)=C+(AxB)
Ax(BxC)=B(A.C)-C(A:B)
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EM waves - Wave equation in source free medium, in time-domain and in harmonic (phasor) form

2 2
VE=ue 2L VoH = e 28 Vi =0 VALl =0
o or’
¥ =—a’ue y=a+jB k=w ,ue=£7£=ﬂ n= £
A c £

z-propagating Plane wave (linearly polarized in x-direction) — phasor format — nonconducting media
E(z) =RE} e H(z)= 9%5!"“

Generalized plane wave in arbitrary direction with wavevector k with arbitrary linear polarization e.

B(R) = 6E: ¢~ = —nkxH =Lk xE
n
Conducting media
.0 : 7] 1 ~ AT - N
E,=E-j— y=0a+ == o, = E(z)=RE[ e H(z)=§—2Le™
Jw /4 B 7 . W 0 (2)=Y¥ n

- w{%{[\/:(%—)z_ 1}}1/2 p= w{-”zi[ 1+(§)2 : 1“”2

Transmission lines

v e
-"—‘;(Z—) = (R'+ joL) I (2) d ;’22) _W()=0 r=a+jB=J®+jel)G+ joC)
Z Z ;
= - R + joL)
di Nt i &° R Z = f(——-—
> d(ZZ)=(G +jaC’)V(z) dz(f)—rl(z)=0 ° NG+ joC)
Lossless transmission lines:
L 1 2T
= jif= 'a)\/L'C' Z = ,|— = —_— ————
r=jB= 0 Vol u, \/-L—'_C_' B 1

TEM lossless transmission lines:
: 4 If
Transmission line wave solutions (lossless lines)

w1

V(z)=V, e + V; e (9= V_Oe~fﬂz w oiPe
Z, Z,
F:E—:ZL_ZE VSWR=|Vmﬂx|=1+|FI
Vo ZL + ZO lvminl 1- |1"l

/ 128 -2 3
Z,(2)= Y(Z) =Z, S Fejzﬂz Z,(z=-1)=Z, N re—jzﬂt =4 Lt J.ZO tan( /1)

0 T 1-Te Z, + jZ, tan(fl)

IR Oy | LT _

Impedance:  Z X ST 7B Admittance: Y=G+jB
Constants (S units): £=8.85x10"> F/m (or C* N"' m?) sio=4 x107 H/m (or N A?)
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Tahle 3-1: Summary of vector relations.

Cartesian Cylmdrical “Spherical
Coordinates Coordinates Coordinates
Coordinate variables X, 9,2 9,z R,0,0
Vector representation, A = RA: +§Ay + 24, iA,+6A1+iAz RAg +6Ao+6A¢
Magnitude of A, |A| = ‘/A}, +A2+A7 VA} +A3+A? 2 +A}+A3
Position vector ﬁl) = X + v+ 221, tr + 221, RR,,
for P(x1,y1,21) for P(ri,¢1,21) for P(R1,01,¢1)
Base vectors properties 2 k=§9-§=2-2=1 t-t=¢-¢=2-2=1| R-R=0-8=¢-¢=1
29=92=2:2=0  t-§d=¢-2=2#=0| R-6=0-¢=9-R=0
txy=2 ixd=2 Rx0=4¢
Ix2=% dx2=14 dxd=R
2xg=¥ 2xt=¢ $xR=8
Dot product, A-B = ABr+ABy+A B, | ABr+AyBy+AB, ArBg+AeBo + AyBy
t 3 2 P oé 2 R 6 ¢
Cross product, AXB = A: Ay A, A, Ay A Ar As Ay
B. By, B, B, By B, Br By By
Differential length, dl = Rdx+§dy+2dz tdr+érdd+2dz | RAR+ORIO+Rsin0dd
Differential surface areas dsy = Rdydz ds, =trdodz dsg = RR?s5in® dodo
dsy = ydxdz dsy=@drdz dsg = ORsin0dR d¢
ds, = 2dxdy ds; = 2rdrdd dsy =@RdJRdO
Differential vohume, dv = ' dxdydz rdrdddz R?sin0dRA0d
Table 3-2: Coordinate transformation relations.
[ Transformation ! Coordinate Variables I Unit Vectors 1 Vector Components
Cartesian to r={x?+)? = gcosd+ §sing Ay = Accosd+Aysing
cylindrical ¢ = tan~' (y/x) ¢ = ~&sin¢+ $cosd Ay = —Asing +Aycosd
z=2z =12 A=A,
Cylindrical to x = rcosd % =fcosd —ésinqt Ag = Aycosd —Agsind
Cartesian y=rsin¢ ¥ = fsing+dcos¢ Ay = A, sind +Agcosd
7=z 2=12 Ay =4,
Cartesian to R=3{P+y+7 R = &sinBcosd Ag = AsinBcos ¢
spherical + ¥sinOsind + 2cos © +AysinOsind +A,,cose
0 =rtan"'[{/x2+y2/7] 6 = %cosBcosd Ap = ArcosBcosd
+$cosOsind —2sin® +AycosBsing — Agsin0
¢ = tan~'(y/x) & = —&sind+ Hcos Ay = —A,sing +Aycosd
Spherical to x=RsinBcos¢ %= RsinOcosd A¢ = Agsinfcosd
Cartesian +6cosBcosd —sing +AgcosOcosd —Aysing
y=Rsin0sing # = RsinOsing Ay = AgsinOsing ;
+6cos Bsing +Geosd +AgcosOsing +Agcosd
z=Rcos6 2= Rcos ~Bsind Ay = Agcos® —Agsind
Cylindrical to =P+ R = #5in0+ 2cos0 Ag = A,sinB+ A cos0
spherical 0 =tan"'(r/7) @ =#cos6 —2sin@ Ag = A,cos0—A,sin®
=09 ¢=4 Ay =4
Spherical to r=Rsin® # = Rsin0+Bcosd A, = AgsinB+ Agcos8
cylindrical 0=0 d=¢ Ay =Aq
z=RcosO 2= Rcos0 —Bsind A; = Agcos® — Aysin®
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[CRADIENT, DIVERGENCE. CUSL, & LAPLACIAN OF
CARTESIAN (RECTANGULAR) COORDINATES (x, y, z)
VV—xﬂ y%l;-+ %‘Zi
dA, DA, 0A,

V-A=—
0x ay 0z
X §y 1z
3 9 0 3A, DA, 9A, 9A, A, 04,
Fukald D B @85 00, (B0 00
ax 9y a2 (ay a:>+y(az ax ) T\ o T oy
A, A, A
2v 9%V 3%V
VW= e — + —
dx? 4 0y? + 072

CYLINDRICAL COORDINATES (r,¢,z)

AV .10V 8V
vV = o A
TR e v

19 104, 04,
VA= - (rA,) 4 2
For A R e
Fodr 2
R e 184, 0A,\  (9A, dA;\ .I1[9d 34
Vo A = | WS i e T i B Y ’
*A=Tor 9 oz l'(r Py 32)+¢(8z 8r)+zr[8r(r 9~ 5%
A,- rA¢ AZ
19 (VY 18V 8%V
VY = -—
ror ( dr)+r26¢2+

SPHERICAL COORDINATES (R,6,9)
g2Y ., glav o 1 3V

vV = A i
Rk "% 96 T Reino a¢
1 1 1 9A
VA= —— (R — (A .
RZBR( An)+ eae( o8ind)+ oond 9p
R éR $Rsin6
1 3 - % 3
VixA & et Jfas 2 e
*A= Risin6 |9R 90 30

AR RA@ (R sin6)A¢

1 BAg A~ 1 1 0AR 0AR

19 [,V {5 3V 1 32V
VW= —— (R |+ = (sinl— |+ —————=
RZ3R ( aR) + R75ing 26 (Sm ae) * Resin’ 997

W)
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A -B=ABcosfp Scalar (or dot) product

A xB=nABsinf,p Vector (or cross) product, i normal to plane containing A and B
A-BxC)=B-(CxA)=C-(AxB)
AxBxC)=BA -C)—-CAeB)
VU +V)y=VU+VV
V(UV)=UVYV 4+ VVU
V-A+B)=V-A+V.B
V.(UA)=UV-A+A.-VU

Vx (UA)=UVxA+VUXxA
Vx(A+B)=VxA+VxB

V. (AxB)=B-(VxA)—-A-(VxB)
V- (VxA)=0

VxVV=0

V.VV =V

VxVxA=V(V.-A) - VA

/ (V- Ay = f A-ds Divergence theorem (S encloses V)
v s

f (VxA) -ds= f A.dl Stokes’s theorem (S bounded by C)
s C
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